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JUNO AT A GLANCE PPNP 123 (2022): 103927

The Jiangmen Underground Neutrino Observatory
(JUNO) is a 20 kton multi-purpose liquid scintillator

detector.

It sits at a baseline of about 52.5 km from eight nuclear
reactors in the Guangdong Province of South China.
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https://www.sciencedirect.com/science/article/abs/pii/S0146641021000880

JUNO STATUS (2024 - TO DAY) Scheme from A. Garfagnini @ TAUP 2025
2025, Jan

TT installation 2025, Feb 8th 2025, Aug 22nd
started Start of LS Filling End of LS Filling
Water Mixed >
Phase Phase &
<<\>\\ @(}@%OQ
<.
é&\\@
2024, Dec 18th 2025, Feb 1st 2025, June 2025, Aug 26th
Start of Water End of Water Start of Data Taking

Filling Filling

JUNO Liquid Level Display

Height(m)

S -
LS: 46.92 m CD Water: 0.0 m WP Water: 43.74 m
Vis: 23231.6 m? LSIn: 0.0 m*/h WaterOut: 0.0 m*/h
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https://indico-cdex.ep.tsinghua.edu.cn/event/175/contributions/2580/

JUNO KEY EXPERIMENTAL FEATURES More details in M. Sisti talk PPNP 123 (2022): 103927
Central detector (CD)

——
* 20 kton of liquid scintillator ,, ‘ calfraion house
* 17612 20" large-PMTs and 25600 3" small-PMTs = | e B _ Water pool

/8% photo-coverage §7 0 T TIMRNCESTAL [ e e
* Earth’'s magnetic field compensation coils fr 5 7 7/5, " \‘*;'d&_d\ Phom::p"er
~ o N tubes

Water Cherenkov Detector (WCD) Koot A
* 35 kton of high pure water as shield ' : N heric supporing
* 2400 20" large-PMTs for active veto v ORI T AT

Top Tracker (TT)

* 3 plastic scintillator layers (coverage ~30% of muons)

Calibration system
* More than 6 sources + laser
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https://www.sciencedirect.com/science/article/abs/pii/S0146641021000880
https://agenda.infn.it/event/44606/contributions/273400/

JUNO PHYSICS PROGRAM

JUNO has a rich physics program and will detect neutrinos from several sources.

2 @ g e 0

KReactor V.  Atmosphericv/v Solar ve Supernovae Geo-neutrinos  BSM physics

Neutrino oscillations Y

Neutrinos as a probe
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JUNO PHYSICS PROGRAM

JUNO has a rich physics program and will detect neutrinos from several sources.

B

!
0. \ NG

\Reactor V.  Atmosphericv/v Solarvej

Neutrino oscillations

Han Zhang's
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https://indico.cern.ch/event/1528564/contributions/6619092/

JUNO PHYSICS PROGRAM

JUNO has a rich physics program and will detect neutrinos from several sources.

-’

\ Atmospheric v/v j

Neutrino oscillations

' In this presentation focus on atmospheric neutrinos
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WHY ATMOSPHERIC NEUTRINOS IN JUNO?

e 4 + Reacﬁérferfi NMO sens!’ltllv:y Atmospheric v/¥: NMO sensitivity
P reLign lngsintesliEs),; @selilztons through matter effects, MSW effect
° by small and large mass splittings
&8 .

Normal ordering

x10° . . . e No oscillationsx1/7
25 1 Normal Ordering 0.0=
Inverted Ordering
901 Only solar term:
. | - sin® 015 = 0.282,
1 sin” 13 = 0 Normal Ordering: 1 m: Inverted Ordering: mg < 1 —0.2
S g myp < mg < mg nverted Ordering: mg < m; < mo
=P ) Ho4
8 » [ o [ ; .
210 9 - 5 12 —
i Am3, ~7.5x 1070 eV <& 0.4 S
o g -10.3 \L
5] Ay 25 1077 oV g4 <Ok S
X
N
00 0.2
3 .
8 Am3, ~ 7.5 x 107° eV?
) -0.8
0.5 27 2 ’
2
A - -, ’ i
-1.0
10° 10!

<
o

2 3 4 5 6 7 8

Neutrino energy [MeV] Energy [GeV]

* Atmospheric neutrinos provide independent sensitivity to NMO via matter effects

* Combining reactor antineutrinos and atmospheric neutrinos oscillations can maximize JUNO NMO sensitivity
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ATMOSPHERIC NEUTRINO OSCILLATIONS

* Atmospheric neutrinos (of several GeV) going through Earth’s matter undergo MSW effects

* Neutrino oscillation probability P = f (g) , L ~ cosB, depends on the neutrino energy, incident zenith angle 6,

and type/flavor > Neutrino directionality and flavor identification are critical

detector 9
< Flavor transition enhanced for neutrinos (antineutrinos) if NO (10)

Normal ordering

P(v, = v.)(NO)

Normal ordering

PV, > 7)(NO)

0.6

0.5

Density (g/cm®)

Core to Mantle _; [

WAL
100
Bounda ry Energy [GeV] Energy [GeV]

(CMB)

VANESSA CERRONE - NEUTRINO OSCILLATIONS WITH ATMOSPHERIC NEUTRINOS IN JUNO




MUONS vs ATMOSPHERIC NEUTRINOS

* Atmospheric neutrino interactions in JUNO LS: ~ 10/day

* Expected muon rate in CD ~ 5 Hz, good muon selection
thanks to CD+WP+TT correlation

* Remaining muons can be removed using PMT features

(charge and time patterns)

FC PC muon
/ \
/ \
1 . |
/ \ /
FC: fully PC: phrtially
lcontained contained
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LIQUID SCINTILLATOR FOR ATMOSPHERIC NEUTRINOS

* First measurement of atmospheric neutrinos with a LS detector = usually designed with low-

energy threshold, good energy resolution, ideal for low-energy neutrinos

* Directionality measurement in large homogeneous LS detectors is challenging
No direct track information
Cherenkov light is only a few percent with respect to scintillation 2 need to use scintillation

light for directionality

Learned J.G. (arXiv:0902.4009) ¢
1000 R ————— g . d
; 800 e e . ’ %
f particles travel at a speed faster 600 - o !
than the speed of light in LS, " /(. ANV e A
scintillation light forms a cone- 1 BEh N0 |5
. . -200 1 i ! " I
like front structure = use time " BN % 4 i W F
information encoded in PMT o . g
g e . A ' 4 T /’
Wavefo rms —1000-2000 -1500 -1;00 -500 0 5tlm 1000 1500 2000 \“.\ '/

Times of First Photon
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https://arxiv.org/abs/0902.4009

DIRECTION RECONSTRUCTION WITH PMT WAVEFORMS

* Particle directionality information is encoded within the PMT waveform - the first hit time in

PMTs carry event directionality information

Muons
& o
0.18F- il
. 0.165-
________ 0.14F- | —0¢[0, 30)
;2 Tl - — 6 <[30, 60)
"/ \s\ 30.125— l h — 0 [60, 90)
," ROt AN o 0'15_ | 6 € [90, 120)
X N 0.085— {5 | 0 [120, 150)
‘ et -5—0-----;'- __‘;__> - 0.06 3 M 0 € [150, 180]
|‘ PO“‘ Al P4 U : ,5 004:—
A 0.02F
R4 %100 750 200 250 300 350
e Time of PEs (ns)

~ -
- -
------
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DIRECTION RECONSTRUCTION WITH PMT WAVEFORMS

* Particle directionality information is encoded within the PMT waveform - the first hit time in

PMTs carry event directionality information

Electrons
& 02F
' 0.18E- i
’ 0'16;_ — 00, 30)
JUURLL A i 0.14 {0 — 6 <30, 60)
/, \\ 30.12;— 5 — 6 ¢[60, 90)
K JUETR. \ o 0.1 0 € [90, 120)
. AR 0.08E 0 [120, 150)
; ; . ‘? 0.06F- I 0 [150, 180]
i ;,m-—;—:—;*-) & 0.04F-
'\ e 0.02}
' Ts. ,,'/ - IE L ee—
e V4 %0 100 150 200 250 300 350
.. ol Time of PEs (ns)

~ -
- -
------

Shape different for electron/muons = useful for PID
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MULTIPURPOSE RECONSTRUCTION METHOD Phys.Rev.D 109 (2024) 5, 052005

* Machine learning approach to find neutrino directions from feature patterns through training

Charge FHT
S 4:— Max charge 5 e
- o
3 5 * Direction
+ Energy
21—

1.5?{4 FHT Sl“opgzm T * Flavor
. ‘ « Track
0.55 . * Vertex

900250 300 250 500 550 600
Time (ns)
Extract features from waveforms
* First hit time (FHT)
Picture of features , ,
« Total charge Machine learning models
« Average slope in the first 4 ns (EfficientNetV2, DeepSphere, PointNet++)
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.109.052005
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.109.052005

ZENITH ANGLE RESOLUTION Phys.Rev.D 109 (2024) 5, 052005

25 25

| Vu/Vy & EfficientNet-V2 Ve/Ve 4 EfficientNet-V2
¥ DeepSphere ¥ DeepSphere
X ForE, > 3 GeV, angular ol o ¥ DaspSphers i . ¥ DeepSpher
resolution is around < 10° for  ~1us ~15
:’ —4— :> —&—
all ML models and for both © 10 - . © 10, %= ,
Yi Yi 5 - = 5 ———N—
v, /v, and v, /7,
0 0
1 3 5 7 9 1 3 5 7 9
E, (GeV) E, (GeV)
6 6
. . - @ EfficientNet-vV2 - @ EfficientNet-v2
* |ﬂte l’a CtIOﬂ mOdel |m paCt : a (a) v"/v" ¥ DeepSphere : a (b) Ve/ve ¥ DeepSphere
w #® PointNet++ w #® PointNet++
w w v
Performance with GENIE and & > — A e ——
6 o A== 5 —j——g 5 ol == e ul ——
NuWro found to be ; —— A
£-2 £-2
2 2
comparable -4 -4
b b
-6 T T -6 T
1 3 5 7 9 1 3 5 7 9
E, (GeV) E, (GeV)
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.109.052005
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.109.052005

DIRECTION RECONSTRUCTION Phys.Rev.D 109 (2024) 5, 052005

0.12 , ,
(@) vu/vy i i — Reconstructed and
* Both lepton and hadron information Charged lepton 0.10; | | true v directions
: : ---- 68% quantile: 19.9°
is used in the direction v 0.08] ! { . — True v and charged
. i i lepton directions
. L — | . R
reconstruction a 0.06/ i : ---- 68% quantile: 30.8
Charged lepton n: : :
Reconstructed 0.041 [ : i
. . . v direction : :
* Reconstructed neutrino direction 0.0zl ; -
. I I
- | |
less smeared from true neutrino i i
000, 20 T 60 80
direction compared with the Included Angle (°)
charged lepton direction PoS(ICRC2023)1189

1500

1000

* Compared with non-ML traditional methods:

500

Likelihood method based on light propagation model to get

y [cm]
o

particle trajectory

-1000

Similar results, but ML works better for electron neutrinos

-1500

-1500 -1000 —500 0 500 1000 1500
x [em]
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.109.052005
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.109.052005
https://pos.sissa.it/444/1189/pdf

ENERGY RECONSTRUCTION

* Preliminary results: for E, > 3 GeV:
Better than 6% resolution for electron neutrinos
Better than 8% resolution for muon neutrinos
* Investigating two possible strategies for energy reconstruction: reconstruct the visible energy or the neutrino

energy for FC CC events = detailed study is on-going for the impact on oscillation analysis

0.15 0.15
VelDe 4  PointNet++ VulUy <4 PointNet++

4 DeepSphere 4 DeepSphere

0.10 } 0.10 |
. WORK IN PROGRESS . WORK IN PROGRESS
0.05 | 0.05 |
0.00 ' ' - A - - 0.00 ‘ . - ' ' -
1 3 5 7 9 11 13 15 1 3 5 7 9 11 13 15
E, (GeV) E, (GeV)
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Phys. Rev. D 112, 012018 (2025)

NEUTRINO FLAVOR IDENTIFICATION

* Eventtopology information reflected in the PMT

Slope
* (1GeV electron)

waveforms

* PMT waveforms are used to classify: w-like, e-like

and NC-like
104 } | D[l/l;;l
10% | VelUp
® © — NC
© ©
'2 102 "E 102
10! } 10!
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0

DeepSphere u-like Score DeepSphere e-like Score
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.109.052005

NEUTRINO vs ANTINEUTRINO Phys. Rev. D 112, 012018 (2025)

* Antineutrinos transfer less energy to hadrons (less hadronic interaction): encoded in PMT waveform
* Antineutrino interactions tend to produce more primary neutrons than neutrino interactions -
statistically separate v and v adding neutron-capture information
Energy between 2-2.7 MeV

Time from prompt trigger between 10 us and 1 ms

104
) o 107}
© ©
O O
I n
> 10 e -
£ 10° :
o— o— 1
Q 9 1
o ~
< < i
2 |
10 101 I i
I
I
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8
v, VS U, Score v, VS U, Score
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.109.052005

TOWARDS AN UPDATED SENSITIVITY

Yellow Book Recent

“Optimistic case” Improvements

0-0;1:1°

Directionality agov <10° (Ev>3GeV)

Sensitivity (o)

O06v =1 O°
. Neurino energy for FC
Energy Visible energy events
e-like
Event Evis > 1GeV, ML-based selection
Selection Yvis=En/Evis < 0.5 allowing for more stats
oLl s Simple classification with vys V;
Michel e, Yvis cuts 60%~80% eff.
Sensitivity 1.8 ¢in 10 years To be updated

From Q. Yan talk at NuFact 2025
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50 J. Phys. G. 43 030401

— ' T ' T + T T T T 7
[-------- Electron neutrinos -------- Point-like
[- - - - Muon neutrinos - ---Track-like
2.5 - Electron+Muon Point+Track

Normal Hierarchy

Livetime (year)

* Recent updates in
reconstruction and event
identification

* Re-evaluation of sensitivity in
progress


https://iopscience.iop.org/article/10.1088/0954-3899/43/3/030401
https://indico.cern.ch/event/1528564/contributions/6619092/attachments/3126709/5545944/junoatm_nufact_2025_v4.2.pdf

CONCLUSIONS

* First measurement of atmospheric neutrinos with a LS
detector =2 sub-GeV to multi-GeV energy range

* NMO through matter effects, complementary to reactor
antineutrinos, boost the overall NMO sensitivity

* New atmospheric neutrinos study in JUNO ongoing with

the latest and more realistic detector response = paper
coming soon

Progress in event reconstruction and identification
Crosschecked with ML and non-ML methods
Systematic uncertainties under study

* Construction of the JUNO detector is fully completed >
stay tuned for exciting physics results!
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BACKUP
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NEUTRINO vs ANTINEUTRINO

04 t Ve
s T,
o3 | i Z
—
—_— |
v,-CC v,-CC o ’
K K 2 0.2 :
: :::::;
QE Vytn-opu +p Vu+p—>u++n o [t
wtp-ou +p+n’ Vytp-out+p+mn o S
_ "o 1 2 3 4 5 6 7 8
RES Vu +n- ﬂ_ + p + 7'[0 V” + p - [,t+ +n+ TL'O Neutron Multiplicity
Vptn ot tntnt VptnopttntmT 0.2 | 1 17 Ve
_ P ——=- 7,
DIS v, +N-opu +X VytN->put+X 0.10 f-1 iy Yy
. l ]
0.08 O T
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NEUTRINO vs ANTINEUTRINO

Hadronic o

!
oo IR

part only

L 103

NPE
NPE

102

NnPE

- 103
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MAJOR IMPROVEMENTS IN DETECTOR RESPONSE

Detector response
Event selection

Reconstruction
(energy and direction)

Particle identification
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Previous estimate

v Evis > 1 GeV
Yvis= Ehad/Evis = 0
vV, Ly>5m
Ogic = 1%/ VE
V.: 0, =10

Vp: 09p= 1

NC/CCy /CCy, - 100%

neutrino / anti-neutrino:
- based on michel
electron N_and Y

New developments New features used

E..>1GeV
~30% more statistics

ML-based on PMT
features: first hit time,
time and charge at
peak in waveform

E, reconstruction
Instead of E

0, <10° (E,> 4 GeV)
E, dependent

80-95% efficiency

E, dependent ML-based on PMT
features for primary

triggers and neutron

60% ~80% efficiency:  (gecondary) triggers

better separation
neutrino / anti-neutrino



PERFOMANCE OF FLAVOR IDENTIFICATION

1.0 | 1.0 f
0.8 0.8
The steeper the Receiver operating & &
. g 0.6 3 0.6
characteristic (ROC), better the 2 iz
separation 04 | =04 |
) 0.2 ) 0.2
— PointNet++, AUC = 0.94 — PointNet++, AUC = 0.96
0.0 — DeePSphere, ‘AUC = 0.93 | | 0.0 — DeePSphere, ‘AUC = 0:95 ‘ |
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
v.lv, + NC Efficiency vlv, + NC Efficiency
1.00
&=
0.96 | %= 3 gE==
g ¥ == _+_ﬂf .
oo % : * The performance of two different ML models are
Q- similar
<
0.88 |
« Forthe oscillation analysis the score can be tuned
0841 4 PointNet++ depending on the requirement
4 DeepSphere

0.80 ‘ :
0 3 6 ) 12 15

Visible Energy (GeV)
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PERFOMANCE OF PID

1.0 1.0
= e
0.9 | :+: 0.9 |
+, ¥ # T
g 41
—4- —F x
0.8 | 0.8 |
O O
2 1T 2 4+ 1T
0.7 | 0.7 | jz:%i # ==
R
# T
0.6 I 4 Strategy 1 0.6 I 4 Strategy 1 1
4 Strategy 2 4 Strategy 2
0.5 : . : : 0.5 : : : :
0 3 6 9 12 15 0 3 6 9 12 15
Visible Energy (GeV) Visible Energy (GeV)
(a) v, /v, identification (b) ve/ve identification
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INTERACTION MODELS J.A. Formaggio, G.P. Zeller, Rev. Mod. Phys. 84, 1307 (2012)

Brief summary of GeV neutrino interaction models 314 30
v-nucleus cross }"1 L

section %o 3 ;

L %o.e § o

( i 1 , 0.4 R

v-nucleon ‘ nuclear effects ’ g°' ,g ‘

cross section

e . Fermi motion: : . " l;l /[ Tocal Fermi €
Binding energy: nuclear ground state Final state interaction o y = o Femi G
off shell models (FSI) o] {

1
1

»12Nucleon momentum dlstrlbutlon in the ground
X state of 2Cin the/RFG ILFG and SF models.

p: n(pVA [t"m]

Siffereit setiings n Relativistic Fermi Gas (RFG)
- Local Fermi Gas (LFG
Curtesy of Jie Cheng different models s : Functiolt (SF)’

200 250
p [MeV]

« GeV neutrino interaction is model dependent! Existing generators at JUNO:
«  GENIE/NuWro/GiBUU
« NEUT incorporation in progress
« We are working on the latest versions of the generators, within the Gev v-A
high-eNergY MEDium Effect (GANYMEDE) working group 15
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ATMOSPHERIC NEUTRINOS SPECTRUM

104 —__ — L
] T
=] == _ Ly

< 103 --F= 2
3
2 102
=
Q
< 10! L
|
:

100 } |

0 3 6 9 12 15

E, (GeV)
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STATUS OF v OSCILLATION PHYSICS

5 knowns: ~

v’ Am3; ~ 7.5 X 10™°eV?

v’ |Am34{| ~ 2.5 x 1073eV? All known with
v' sin? 64, ~ 0.3 > better than 5%
v' sin? 6,3 ~ 0.5 precision

v' sin? 6,53 ~ 0.02

/
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STATUS OF v OSCILLATION PHYSICS

5 knowns: ~ 5 known unknowns:

v’ Am$; ~ 7.5 X 10™°eV? ? Mass ordering: Am35; > 0 but Am%;, =07
v’ |Am3,| ~ 2.5 x 1073eV? All known with ? Octant of 6,3: 0,3 2 45°7

v' sin? 6, ~ 0.3 > better than 5% ? CP phase 6: 8§ not 0 or ? CP violation?

v Sin2 923 ~ 0.5 precision ? :| Cann‘ot be probed with
v Sinz 013 ~ 0.02 3 v oscillations

/
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STATUS OF v OSCILLATION PHYSICS

5 knowns: 5 known unknowns:

v AmZ, ~ 7.5 x 10 5eV?2 ? Mass ordering: Am2,; > 0butAm3, =07
v’ |Am3,| ~ 2.5 x 1073eV?

v sin® 6, ~ 0.3

JUNO will contribute to both the precision and discovery frontiers

l Precision measurement of three

) 5 _2 Mass ordering determination
parameters: Am5,, Am54, and sin“ 6,

VANESSA CERRONE - NEUTRINO OSCILLATIONS WITH ATMOSPHERIC NEUTRINOS IN JUNO




NEUTRINO SOURCES IN JUNO

- y
0. \ 8 4

Reactor v, Atmospheric v/v Solar v, Supernovae Geo-neutrinos
Reactor ~ 60/ day : : :
SN burst ~ 7300 @ 10 kpcin few s : : :
DSNB ~ 2-4 / year :
Solar (8B ) O(100) / day : : :
Atmospheric ~O(100) /year | : |
Geo-neutrinos ~ 400 / year : : ,

0.1 710 102 103 10 MeV
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